Background: Diarrhea is an adverse side effect associated with many therapeutics. Results: Irinotecan induced hyperactive cystic fibrosis transmembrane conductance regulator (CFTR) function by inhibiting multidrug resistance protein 4 (MRP4) and formation of MRP4-CFTR macromolecular complexes. Conclusion: MRP4-CFTR-containing macromolecular complexes play an important role in drug-induced diarrhea. Significance: These studies help define molecular mechanisms of drug-induced diarrhea.
Diarrhea is a common side effect of ϳ7% of all adverse drug reactions and results from impaired fluid secretion in the small and large intestine (1, 2) . Fluid homeostasis and secretion in the intestine are driven by active Cl Ϫ transport from the basolateral to the apical side of enterocytes (3) . Multidrug resistance pro-tein 4 (MRP4) 2 is a member of the ATP-binding cassette (ABC) transporter superfamily of proteins that has been shown to negatively regulate intracellular accumulation of drugs, such as nucleoside analogs that are in use for HIV treatment (4) .
Irinotecan is used as both a first-line and a second-line chemotherapeutic drug for advanced and recurrent colon cancer (5) . However, irinotecan induces severe diarrhea as a side effect, the onset of which can be either delayed or acute (6) . The former is related to mucosal and colonic damage secondary to metabolism of irinotecan; however controversy remains regarding the mechanism of acute-onset diarrhea (7) . The mechanism of acute-onset diarrhea has been attributed to irinotecan anticholinesterase activity (8) , although up to 25% of patients do not exhibit changes in cholinesterase activity (9) , and other studies suggest that irinotecan anticholinesterase does not account for increased fluid secretion (10) .
In this study, we used complementary model systems to elucidate the mechanism of irinotecan-induced diarrhea, including in vitro mouse intestinal enteroid cultures (enterospheres) that mimic the physiological environment of the intestine. We demonstrate that drug inhibition of MRP4 (e.g. via the use of irinotecan or 3Ј-azido-3Ј-deoxythymidine (AZT)) produces compartmentalized accumulation of cAMP in close proximity to cystic fibrosis transmembrane conductance regulator (CFTR), which activates the CFTR channel function, causing excessive fluid secretion and diarrhea.
EXPERIMENTAL PROCEDURES
Mice and Cell Lines-Mrp4 Ϫ/Ϫ mice were developed as described previously (11) and backcrossed for 10 generations with the C57BL6/sJ strain. Syngeneic C57BL/6 mice were obtained from Charles River (Wilmington, MA). The polarized human gut epithelial cell line, HT29-CL19A, was purchased from the American Type Culture Collection (Manassas, VA), and FLAG-MRP4overexpressing HT29-CL19A cells were generated by stable transfection with pLenti PGK Puro-FLAG-MRP4.
Measurement of Intestinal Fluid Secretion in Mice-Intestinal fluid secretion measurement in murine ileal loops was performed as described previously (12) . Three ileal loops were made on the ileum between 0.5 and 3.5 cm from the cecum, between the jejunum and the cecum, and each closed loop was injected with PBS-diluted DMSO, 0.5 g of cholera toxin (Sigma-Aldrich), or 4 -100 M irinotecan (Sigma-Aldrich). Intestinal loops were removed from the mice 6 h after the operation, and the length and weight of each loop including fluid were measured. After drying each loop for 24 h, the weight of the loops was measured again, and the weight of fluid was calculated for each loop and divided by the length of the loop to determine the amount of fluid secretion.
Isolation and Culture of Intestinal Crypts and Enteroids-The entire small intestine was removed from 8-week-old mice and washed with cold PBS. After opening the small intestine, villi were discarded by scraping with a cover slide, and the tissue was cut into small pieces. After washing with cold PBS several times, the pieces of tissue were incubated at 4°C in PBS containing 2 mM EDTA for 30 min and then passed through a 70-m cell strainer. The crypts were collected by centrifugation at 1,200 rpm for 5 min and cultured on Matrigel (BD Biosciences) with organoid medium (Advanced DMEM/F12 (Gibco) supplemented to contain 1ϫ GlutaMAX (Gibco), 1ϫ penicillin (Gibco), 1ϫ streptomycin (Gibco), 10 mM HEPES (Gibco), 1ϫ B27 (Gibco), 1ϫ N2 (Gibco), 1 mM N-acetyl-L-cysteine (Sigma-Aldrich), 100 ng/ml noggin (Pepro-Tech, Crescent Ave Rocky Hill, NJ), 1 g/ml R-spondin-1 (R&D Systems, Minneapolis, MN), 50 ng/ml EGF (R&D Systems)) in a humidified 10% CO 2 incubator at 37°C for 30 min (13) (14) (15) .
Measurement of Fluid Secretion in Intestinal Enterospheres-Matrigel-embedded enterospheres were placed with Hanks' balanced salt solution (HBSS) into glass-bottomed dishes (MatTek, Ashland, MA). The following were added: DMSO (Sigma-Aldrich), 0 -100 M irinotecan, 50 M MK-571 (Cayman, Ann Arbor, MI), 0 -10 M forskolin (Tocris, Bristol, UK), 100 M doxorubicin (Bedford Laboratories, Bedford, OH), 0 -10 M AZT (Sigma-Aldrich), or 0 -10 M nevirapine (NVP (Sigma-Aldrich))) with or without 20 M of the CFTR inhibitor CFTRinh-172 or 0 -0.5 M atropine (Sigma-Aldrich). Enterospheres were incubated at 37°C for 30 min, and images were obtained using a phase-contrast IX-51 microscope (Olympus, Tokyo, Japan). The radii of the luminal sphere and the entire enterosphere sphere were measured using the ImageJ software (rsbweb.nih.gov/ij/), and the ratios between the volume of the luminal sphere and the entire sphere were calculated to determine fluid secretion.
Two-photon Three-dimensional Images of Enterospheres and Enteroids-To prepare specimens, formalin-fixed enterospheres and enteroids were put into HistoGel (AMTS; Lodi, CA) and stained with propidium iodide. Fluorescence images were obtained at various depths within the sample using Z-stacks on an LSM 710 laser-scanning confocal microscope (Carl Zeiss; Thornwood, NY). Three-dimensional images were created using images of various planes and the ZEN Imaging Software (Carl Zeiss).
Immunohistochemistry-After fixing with 4% formalin, the mouse small intestine and enterospheres were embedded in paraffin and sectioned. For immunofluorescence staining, enterospheres were directly fixed on glass-bottomed dishes with 4% formalin. The samples were permeabilized and blocked and then incubated with CFTR (anti-CFTR rabbit polyclonal antibody R3194 (16) ) and MRP4 (anti-MRP4 rabbit polyclonal antibody (11)) antibodies. Rabbit IgG (normal rabbit IgG: Santa Cruz Biotechnology, Santa Cruz, CA) was used as a negative control. The samples were then treated with Alexa Fluor 488conjugated anti-rabbit antibody (Invitrogen) and propidium iodide. Fluorescence images were taken on an LSM 5 PASCAL confocal laser scanning microscope (Carl Zeiss).
Short-circuit Current (I SC ) Measurement-I SC values were measured in polarized HT29-CL19A cells mounted in a modified Ussing chamber as described previously (17) . Irinotecan (50 M) was added to both the apical and the basolateral sides for 10 min before cpt-cAMP (50 M; Sigma-Aldrich) was added to both the apical and the basolateral sides to activate CFTR channels. CFTRinh-172, (20 M), which is a specific CFTR channel blocker, was added to the apical side.
Western Blot-After homogenization of cells or tissues with lysis buffer (PBS containing 0.2% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 g/ml pepstatin A, 1 g/ml leupeptin, 1 g/ml aprotinin), the lysates were separated on 4 -15% gradient SDS-polyacrylamide gels. Separated proteins were electrophoretically transferred onto PVDF membrane, blotted, and probed for proteins of interest using specific antibodies: MRP4 (anti-MRP4 rabbit polyclonal antibody), CFTR (anti-CFTR rabbit polyclonal antibody R3194), PDZK1 (anti-PDZK1 rabbit polyclonal antibody (18)), and ␤-actin (anti-␤-actin mouse monoclonal antibody; Sigma-Aldrich). The protein bands were detected using ECL TM Western blot detection reagents (GE Healthcare, Buckinghamshire, UK).
Measurement of Intracellular cAMP Levels-HT29-CL19A cells were treated with DMSO, 100 M irinotecan, 50 M MK-571, or 10 M forskolin in HBSS and incubated at 37°C for 10 min. After incubation, the cells were washed with cold PBS and harvested. For enterospheres from Mrp4 ϩ/ϩ mice, after removing Matrigel from the enterosphere culture, enterospheres were placed into 1.5-ml tubes with HBSS and humidified in a 10% CO 2 incubator at 37°C for 30 min. Subsequently, DMSO, 100 M irinotecan, 50 M MK-571, or 10 M forskolin was added, and the enterospheres were stimulated at 37°C for 10 min. Intracellular cAMP concentrations were determined using a cAMP complete ELISA kit (Enzo, Farmingdale, NY) according to the manufacturer's instructions. The values of cAMP levels were normalized to the total protein concentration.
[ 3 H]PMEA Efflux Assay-HT29-CL19A cells were incubated with 10 M [ 3 H]PMEA (Moravek, Brea, CA) in serum-free DMEM at 37°C for 24 h. After washing with warm PBS, 2 ml of serum-free DMEM containing DMSO, 0 -100 M irinotecan, or 50 M MK-571 were added to the cells. During incubation at 37°C for 30 min, 0.5-ml culture supernatants were collected every 10 min to measure the efflux of [ 3 H]PMEA, and the cells were lysed with 0.1 N NaOH in 0.5% SDS to measure the residual intracellular [ 3 H]PMEA. The amount of radioactivity was determined on a Tri-Carb liquid scintillation counter (PerkinElmer). The values of intracellular [ 3 H]PMEA were normalized by dividing by the total protein concentration of cell lysates.
[ 3 H]cAMP Transporter Assay-HT29-CL19A cells were mounted on Transwell permeable supports (BD Biosciences) until the transepithelial resistance reached more than 1,500 ohms. The cell monolayers were permeabilized at the basolateral side using 100 g/ml ␣-toxin (Calbiochem) to allow the entry of [ 3 H]cAMP (PerkinElmer). To inhibit MRP4, cells were incubated with 100 M irinotecan or 50 M MK-571 in HBSS both apically and basolaterally at 37°C for 30 min. 1 Ci/ml [ 3 H]cAMP (PerkinElmer) and 4 mM Mg-ATP were added at the basolateral side, and cells then were incubated at 37°C for 30 min, after which samples were collected from the apical side. The amount of radioactivity was measured on a Tri-Carb liquid scintillation counter. Cells without permeabilization at the basolateral side were used as a control.
FRET Assay-FRET was used to measure real-time changes in intracellular cAMP. HT29-CL19A cells expressing a cAMP sensor, CFP-EPAC-YFP, were grown on glass-bottomed dishes, washed twice with HBSS, and stimulated with DMSO, 100 M irinotecan, or 10 M forskolin. Ratiometric FRET imaging and data analysis were performed as described previously (18) .
Single-particle Tracking (SPT)-To measure the diffusion constant of MRP4 on the plasma membrane, a quantum (Q)dot labeling method was used (19) . We generated a fully functional FLAG-tagged MRP4 construct on the fourth outer loop (between Gly-751 and Gly-752) facing the extracellular surface. HT29-CL19A cells stably expressing FLAG-MRP4 were used for SPT as described previously (17) . After incubating with biotin-conjugated anti-FLAG antibody (Sigma-Aldrich) and streptavidin-conjugated Qdot-655 (Invitrogen) in sequence, images were captured 10 min after treating with DMSO, 100 M irinotecan, or 10 M forskolin.
Pulldown Assay-MRP4-overexpressing HT29-CL19A cells were stimulated with DMSO or 0 -100 M irinotecan for 10 min. The cell lysates were mixed with purified GST or GST-PDZK1 and immunoprecipitated using glutathione-agarose beads (Sigma-Aldrich). The immunoprecipitated beads were washed three times with lysis buffer containing DMSO or 0 -100 M irinotecan, and the proteins were eluted from the beads using 5ϫLaemmli sample buffer containing 2.5% ␤-mercaptoethanol. The eluted samples were immunoblotted for MRP4 (anti-MRP4 rabbit polyclonal antibody), and the band intensity was quantified using ImageJ software.
The in Situ Proximity Ligation Assay (PLA)-Enterospheres were cultured in glass-bottomed dishes and stimulated with 100 M irinotecan at 37°C for 10 min. Immunocytochemistry was performed using antibodies for MRP4 (anti-MRP4 rabbit polyclonal antibody) and CFTR (anti-CFTR mouse monoclonal antibody; CF3, Abcam, Cambridge, MA). To measure PLA signals, we used Duolink reagents (Olink Biosciences, Uppsala, Sweden) according to the manufacturer's instructions (20) . PLA signals were detected on an LSM 5 PASCAL confocal laser scanning microscope. The intensities of the PLA signals (i.e. the affinity of the interaction) were quantified using the ImageJ software.
The in Silico Topological Study for Docking of Irinotecan into MRP4 -The three-dimensional structure of MRP4 isoenzymes was constructed by the homology modeling method (12) . Each MRP4 isoenzyme sequence was derived from BLAST (blast. ncbi.nlm.nih.gov/Blast.cgi), and the crystal structure of P-glycoprotein was chosen as the template (Protein Data Base ID: 3G60). A sequence alignment file was generated by ClustalX, and the three-dimensional model of MRP4 was predicted using the Modeller 9v8 tool. The three-dimensional structure of irinotecan was constructed in the Molecular Operating Environment. The interaction of irinotecan in the binding domain cavity of MRP4 was analyzed from a ligand-interaction study of the Molecular Operating Environment (21) (22) (23) .
Statistical Analysis-The data are expressed as mean Ϯ S.E. One-way analysis of variance was used to compare multiple groups, and Student's t test was used for intergroup comparisons. Statistical significance was designated as p Յ 0.05. All data were analyzed using Microsoft Office 2010 (Microsoft, Redmond, WA).
RESULTS
Mrp4 Ϫ/Ϫ Mice Are Resistant to Irinotecan-induced Fluid Secretion-We evaluated the effect of irinotecan (4 and 50 M) on intestinal fluid secretion in wild-type (Mrp4 ϩ/ϩ ) and Mrp4 Ϫ/Ϫ mice using a closed-loop diarrhea model (12) . DMSO (the solvent for irinotecan) was used as a negative control, and cholera toxin (0.5 g/loop), which activates CFTR-mediated fluid secretion, was used as a positive control. Irinotecan treatment significantly increased fluid secretion in ileal loops from Mrp4 ϩ/ϩ mice in a dose-dependent manner (2-fold increase (4 M) and 3.47-fold increase (50 M) versus DMSO in Mrp4 ϩ/ϩ ), but had no effect on MAY 1, 2015 • VOLUME 290 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 11249 fluid secretion in Mrp4 Ϫ/Ϫ mice (Fig. 1, A and B) . The data indicate a role for MRP4 in irinotecan-induced intestinal fluid secretion that manifests as diarrhea.
MRP4-CFTR Complex Mediates Drug-induced Diarrhea

Development of Adult Mouse intestinal Enterosphere System to Study Mechanisms of Drug-induced Diarrhea-To test
whether MRP4-CFTR-coupled complexes are involved in iri-notecan-induced diarrhea, we developed a physiologically relevant system that mimics the native intestine (13, 24 -26) . Crypts were isolated and purified from the small intestine of adult mice and cultured in Matrigel for three-dimensional growth to form enterospheres ( Fig. 2A) . Central lumen and brush-border structures found in enterospheres were visualized (Fig. 2, A and B) (27, 28) . CFTR was localized mostly to the apical membrane with MRP4 present at both the apical and the basolateral surfaces (Fig. 2C) (4, 16) . The cultured enterospheres provide a physiologically relevant model to study CFTR-dependent intestinal fluid secretion in culture (Fig. 2, D  and E) . The clinically relevant concentration of an anticholinergic agent, atropine (0.2-0.4 mg/kg) (29) , did not cause a significant inhibition of irinotecan-induced fluid secretion (Fig. 2, F and G) . Therefore, the observed lack of cholinergic neurons demonstrates that cholinergic effects are excluded in enterospheres.
Irinotecan Augments CFTR-mediated Fluid Secretion in Enterospheres from Wild-type Mrp4 ϩ/ϩ Mice, but Not from Mrp4 Ϫ/Ϫ Mice-We successfully reproduced the role of MRP4 in irinotecan-induced fluid secretion in enterospheres ( Fig. 3 , A-F, comparable with in vivo data shown in Fig. 1, A and B) . Irinotecan-induced fluid was secreted significantly in enterospheres from Mrp4 ϩ/ϩ mice in a dose-dependent manner (Fig.  3, A and B) . Of note, clinically relevant concentrations in the serum of patients receiving irinotecan are reported to be in the range of ϳ2-4 M (30, 31). Importantly, irinotecan-induced fluid secretion was CFTR-dependent because CFTRinh-172 completely inhibited fluid secretion and, as expected, MK-571 (an inhibitor of MRP4) also induced CFTR-mediated fluid secretion (Fig. 3, C and D) . Neither irinotecan nor MK-571 induced fluid secretion, whereas forskolin, which increases intracellular cAMP, did induce CFTR-mediated fluid secretion in enterospheres from Mrp4 Ϫ/Ϫ mice (Fig. 3 , E and F, supplemental Video 1).
To investigate the specificity of MRP4 and CFTR in irinotecan-induced intestinal fluid secretion, we tested doxorubicin, another anti-colon cancer drug that has been reported to cause diarrhea during chemotherapy and is not a modulator for MRP4 (32) . We found that following 30 min of treatment, doxorubicin induced similar fluid secretion rates in enterospheres from Mrp4 ϩ/ϩ and Mrp4 Ϫ/Ϫ mice (ϳ20%), and CFTRinh-172 did not inhibit such secretion (Fig. 3, G and H) . These studies suggest that doxorubicin-induced diarrhea is independent of MRP4. More importantly, our studies suggest that doxorubicin-induced fluid secretion is unlikely to be mediated by CFTR Cl Ϫ channels.
Irinotecan Activates CFTR Chloride Channel Function via Increasing Intracellular cAMP Levels by Altering MRP4 Function-To define a mechanism underlying drug-induced fluid secretion, we monitored CFTR-dependent I SC (an indicator of transepithelial Cl Ϫ transport) in polarized HT29-CL19A cells that endogenously express CFTR and MRP4 (18) . We observed a significant increase in CFTR-mediated I SC in irinotecan-pretreated cells as compared with control DMSO-pretreated cells in response to a submaximal stimulation of the channel (i.e. 50 M cpt-cAMP; Fig. 4, A and B) . The maximal CFTR-mediated I SC in irinotecan-pretreated samples was 2.5fold higher as compared with the controls (Fig. 4B) .
Given that irinotecan has been reported to be a substrate for MRP4 (33) and MRP4 is an efflux pump for cAMP and cGMP (34) , we reasoned that irinotecan might alter intracellular cAMP levels. Indeed, irinotecan elevated intracellular cAMP to levels comparable with the effect of MK-571 in HT29-CL19A cells and mouse intestinal enterospheres (Fig. 4, C and D) . Using a FRET-based cAMP sensor (CFP-EPAC-YFP), we found that irinotecan evoked a significant increase in cAMP levels at or near the plasma membrane, whereas forskolin induced uniform cAMP signals throughout the cell (Fig. 4, E and F) .
We tested whether irinotecan-induced accumulation of intracellular cAMP is caused by inhibition of MRP4 function. Using [ 3 H]PMEA, which is a specific substrate for MRP4 (35) , to perform transport studies for MRP4, we found that [ 3 H]PMEA efflux was inhibited by irinotecan in a dose-dependent manner as compared with vehicle-treated controls (Fig.  4G ). We also monitored the MRP4-mediated unidirectional transport of [ 3 H]cAMP across the apical membrane of polarized HT29-CL19A cells and observed that both irinotecan and MK-571 inhibited the MRP4-mediated transport of [ 3 H]cAMP by more than 40% as compared with the DMSO-vehicle control (Fig. 4H) . These results suggest that irinotecan can alter MRP4 function on the apical plasma membrane surface and thereby block cAMP efflux.
Binding of Irinotecan to MRP4 Augments Its Interaction with PDZ Proteins-Given that membrane-spanning proteins have a defined diffusion property (lateral mobility) at the plasma membrane and formation of multiprotein complexes will restrict or immobilize their diffusion property in live cells (17), we used SPT to track the trajectories of Q-dot-labeled FLAG-MRP4 in live HT29-CL19A cells with or without irinotecan MAY 1, 2015 • VOLUME 290 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 11251 treatment. We found that irinotecan significantly decreased MRP4 diffusion at the plasma membrane as indicated by the trajectories (Fig. 5A, upper panel, and 5B ) and the left shift of the distribution of diffusion coefficients (Fig. 5A, lower panel) , suggesting that irinotecan enhances a macromolecular complex assembly of MRP4. Because MRP4 can form macromolec- ular complexes via its C-terminal PDZ binding motif (36, 37) , we next tested whether the PDZ motif of MRP4 plays a role in the irinotecan-induced decrease of MRP4 diffusion at the plasma membrane (upon irinotecan treatment). We generated an MRP4 construct that substitutes the PDZ motif TAL with AAA (named as ⌬PDZ-MRP4 in this study) using site-directed mutagenesis (Fig. 5C ). This mutant MRP4 does not binding to PDZ domain-containing proteins (18) . We transfected the ⌬PDZ-MRP4 into HT29-CL19A cells and tested the effect of irinotecan on MRP4 diffusion using SPT. The result demonstrates that irinotecan did not decrease MRP4 diffusion (Fig.  5D ), supporting our hypothesis that irinotecan-induced slower wild-type MRP4 diffusion is a result of the complex formation between CFTR and MRP4. To investigate the effect of irinotecan on the CFTR-MRP4 interaction, we performed the PLA with the polarized HT29-CL19A cells transiently transfected with either wild-type MRP4 or ⌬PDZ-MRP4. The PLA data clearly demonstrated irinotecan induced wild-type MRP4- MAY 1, 2015 • VOLUME 290 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 11253 CFTR complex formation, but not ⌬PDZ-MRP4-CFTR complex formation (Fig. 5E ). Taken together, our data support the hypothesis that irinotecan induces complex formation between CFTR and wild-type MRP4 through PDZ motif-mediated interactions.
MRP4-CFTR Complex Mediates Drug-induced Diarrhea
We next performed pulldown assays to determine whether irinotecan influences the interaction of MRP4 with its scaffolding partner PDZK1 and found that irinotecan does enhance the interaction (Fig. 5F) . We also used an in situ PLA to examine whether irinotecan affects MRP4-CFTR interaction in cultured intestinal enterospheres. Treatment with irinotecan resulted in an additive increase (2.3-fold) in PLA signals of MRP4-CFTR interaction as compared with treatment with DMSO ( Fig. 5, G  and H) .
FDA-approved Drugs (e.g. AZT) Augment the Formation of MRP4-CFTR-containing Macromolecular Complexes-The Food and Drug Administration (FDA) has approved several HIV drugs for the treatment of HIV, including the nucleoside/ nucleotide reverse transcriptase inhibitors (NRTIs), which are substrates for MRP4 (4) . The most common side-effect associated with NRTIs is diarrhea (38) . Also, MRP4 transports AZT and the overexpression of MRP4 confers AZT resistance (4). To demonstrate the broad implications of our findings, we tested whether AZT induces diarrhea by activating MRP4-CFTRcontaining macromolecular complexes using cultured intestinal enterospheres. NVP, which belongs to the non-NRTIs (NNRTIs) class of HIV drugs, was used as a negative control. We found that AZT induced CFTR-mediated fluid secretion in a dose-dependent manner and NVP did not induce fluid secretion (Fig. 6, A and B) . The data demonstrate that the activation of MRP4-CFTR-containing macromolecular complexes might be a common mechanism for drug-related diarrhea. We also used the PLA to test whether AZT augments MRP4-CFTR macromolecular complex formation in enterospheres. Our data show that PLA signals were higher in AZT-treated enterospheres than in NVP-treated enterospheres (Fig. 6, C and D) . To demonstrate the clinical relevance of this study, we used the PLA on colon from HIV patients and determined that MRP4-CFTR-containing macromolecular complexes were 2.17-fold higher in HIV-infected patients who were receiving AZT therapy as compared with normal controls (Fig. 6, E and F) .
Binding of Irinotecan to MRP4 Induces Conformational Change in MRP4 -The novelty of this study is the identification and characterization of a transporter-dependent pathway that is a key effector in the pathogenic process of drug-induced diarrhea. We demonstrated that drug-induced inhibition of MRP4 (e.g. via irinotecan or AZT) produces compartmentalized accumulation of cAMP in close proximity to CFTR and activates CFTR channel function, rapidly causing fluid secretion and diarrhea (Fig. 7) . In summary, we have discovered a new molecular mechanism by which irinotecan causes secretory diarrhea (data summarized in Fig. 7A ; in silico docking of MRP4 and irinotecan).
DISCUSSION
In this study, we found that CFTR-MRP4-containing macromolecular complexes played an important role in the pathogenesis of drug-induced diarrhea. Our findings have important and broad clinical implications because our model system can be used to identify novel agents that mitigate drug-induced diarrhea. Furthermore, our findings expand the concept that compartmentalized signaling (in this case, compartmentalized cAMP signaling) plays an important role in drug-induced pathophysiologic conditions (e.g. CFTR-dependent drug-induced diarrhea). These studies previously were not possible without the state-of-the-art methodology we have developed to define CFTR-mediated fluid secretion in cultured enterospheres. Because the enterospheres physiologically and structurally mimic the small intestine, this experimental system can be tailored to study additional pathophysiological conditions of the gastrointestinal tract.
The limitations in investigating the role of CFTR in secretory pathologies in intestine include the inaccessibility of crypt epithelial cells in vivo and dedifferentiation of intact crypt epithelia in primary cultures ex vivo. Recent studies using murine intestinal stem cells have yielded primary intestinal cultures in three-dimensional gel suspension that recapitulate crypt structure and epithelial differentiation (Fig. 2, A and B) (13, 14) . For our studies, we used a modification of this model to evaluate the role of macromolecular complexes containing both MRP4 and CFTR in drug-induced diarrhea (Fig. 3 , A-H, and supplemental Video 1).
Competitive irinotecan inhibition of cAMP efflux through MRP4 resulted in an increase in intracellular cAMP levels ( Fig.  4, C-F) . More importantly, this increase in cAMP was compartmentalized at or near the plasma membrane, suggesting that irinotecan increases cAMP levels by altering MRP4 function and thus inducing localized accumulation of cAMP ( Fig. 4 , 
C-H).
In contrast, forskolin, which activates adenylate cyclase, increased cAMP levels throughout the cell (Fig. 4, E and F) . The compartmentalized elevation of cAMP levels would activate CFTR channels, provided that irinotecan does not disrupt the CFTR-MRP4-containing macromolecular complex at the plasma membrane. We found that irinotecan enhanced the formation of a multimolecular complex of CFTR and MRP4 mediated by PDZK1 at the plasma membrane. This was exemplified by the fact that MRP4 in the absence of irinotecan had higher lateral diffusion in the plasma membrane as measured by SPT (Fig. 4, A and B) . However, in the presence of irinotecan, the mobility of MRP4 in the membrane was decreased, suggesting the clustering of MRP4 with CFTR in macromolecular complexes in mircodomains beneath the plasma membrane ( Fig. 5) .
Technically, our discovery is not narrowly confined to irinotecan-induced fluid secretion through compartmentalized cAMP and protein-protein interactions via PDZ motif. Diarrhea is a relatively frequent side effect accounting for ϳ7% of all adverse effects of drug use (1, 2) . Thus, our findings have broad implications and may help to identify therapeutic targets for ameliorating medication-induced diarrheas. Here, we have demonstrated that an FDA-approved HIV/AIDS drug, AZT, increased fluid section by augmenting the formation of MRP4-CFTR-containing macromolecular complexes in both enterospheres and the colon of human HIV patients taking AZT (Fig.  6, E and F) . To further explore the clinical relevance of our study, we tested the possibility of using tannic acid (1 mg/ml, which is a clinically relevant concentration) to mitigate intestinal fluid secretion in enterospheres from the mouse small intestine. Tannic acid is a potent radical scavenger and antioxidant (39) that has been reported to inhibit CFTR-induced intestinal fluid secretion. The antioxidant defense system in the small and large intestine in rats has been shown to be impaired in early chronic diarrhea (40) . We found that tannic acid completely inhibited irinotecan-induced fluid secretion in mouse intestinal enterospheres (data not shown). Our data suggest that a medication regimen including an anti-diarrheal agent (e.g. tannic acid) may have benefits of reducing the diarrheal side effect and therefore improving the efficacy of drug therapy.
In summary, we have discovered a novel molecular mechanism by which irinotecan causes secretory diarrhea. We found that CFTR-MRP4-containing macromolecular complexes play an important role in the pathogenesis of drug-induced diarrhea. Our findings have important and broad clinical implications because our model system can be used in a high-throughput way to identify novel agents that can mitigate drug-induced diarrhea. Furthermore, our findings expand the notion that compartmentalized signaling (in this case, compartmentalized cAMP signaling) plays an important role in drug-induced pathophysiologic conditions such as drug-induced and CFTRmediated secretory diarrheas.
